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Objectives: The main objective of this study was to assess the blood ﬂow rate and velocity in coronary artery
stenosis using intracoronary frequency domain optical coherence tomography (FD-OCT). A correlation between
fractional ﬂow reserve (FFR) and FD-OCT derived blood ﬂow velocity is also included in this study.
Methods & results: A total of 20 coronary stenoses in 15 patients were assessed consecutively by quantitative
coronary angiography (QCA), FFR and FD-OCT. A percutaneous coronary intervention (PCI) optimization system
wasused in this studywhich combineswireless FFRmeasurement and FD-OCT imaging in one platform. Stenoses
were labelled severe if FFR ≤ 0.8. Blood ﬂow rate and velocity in each stenosis segment were derived from the
volumetric analysis of the FD-OCT pull back images. The FFR value was ≤0.80 in 5 stenoses (25%). The mean
blood ﬂow rate in severe coronary stenosis (n = 5) was 2.54 ± 0.55 ml/s as compared to 4.81 ± 1.95 ml/s in
stenosis with FFR N 0.8 (n=15). A good and signiﬁcant correlation between FFR and FD-OCT blood ﬂow velocity
in coronary artery stenosis (r= 0.74, p b 0.001) was found.
Conclusion: The assessment of stenosis severity using FD-OCT derived blood ﬂow rate and velocity has the ability
to overcome many limitations of QCA and intravascular ultrasound (IVUS).© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Quantitative coronary angiography (QCA) has been used for the
assessment of coronary artery disease (CAD) for many years and it is
still the most common technique for the estimation of lumen diameter
stenosis (DS). The evaluation of intermediate coronary stenosis, having
luminal narrowing with %DS of 40% to 70% on angiography, via QCA is
inaccurate [1–3]. Therefore different diagnostic modalities are used to
deﬁne the severity of such stenosis. In this regard, functional assessment
of coronary stenosis by pressure derived fractional ﬂow reserve (FFR) is
considered as gold standard [4–7].
Intracoronary optical coherence tomography (IOCT) is a high resolu-
tion optical imaging technology used for anatomical andmorphological
assessment of coronary stenosis [8–10]. IOCT is similar to intravascular
ultrasound (IVUS) but uses near-infrared (NIR) light rather than soundce Building, National University
8720381; fax: +353 91495529.
land Ltd. This is an open access articlwaves to create in vivo images of coronary arteries and deployed stents.
The higher resolution of IOCT as compared to IVUS (10 times higher
than IVUS) allows measurements of lumen dimensions with excellent
reproducibility [11–13]. Recently intracoronary frequency domain opti-
cal coherence tomography (FD-OCT) has been introduced to overcome
many technical limitations of the time domain OCT (TD-OCT). FD-OCT
systems enable in vivo imaging of coronary vessel wall with an axial
resolution up to 15 μm and a lateral resolution up to 25 μm with high
frame rates (100 frames/s) and pull back speeds (20 mm/s) [14].
The primary objective of this study was to assess the blood ﬂow
rate and velocity in coronary artery stenosis, calculated through the
volumetric analysis of FD-OCT pull back images of the vessel segments,
and investigate the relationship between FD-OCT derived these mea-
surements and FFR.
2. Materials & methods
20 coronary stenoses were studied in 15 patients planned for coro-
nary angiography due to stable angina and/or ischemia documentede under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ment were performed in all patients. The study was approved by Galway
clinical research ethics committee and the written informed consent for
all procedures was obtained from each patient. All patients had at least
one target vessel with single de novo stenosis with %DS N 30% by visual
estimation. Patientswith an additional stenosis in second coronary artery
were also included in the study if the other inclusion criteria were ful-
ﬁlled. Patients having multiple stenoses in target vessel, left main steno-
sis, bypass graft stenosis and acute myocardial infarction were excluded
from the study.
QCA was performed after intracoronary administration of nitrates
(0.1 mg) according to standard procedures [1,2]. A validated QCA soft-
ware (CASS II, Pie Medical Imaging, BV, Maastricht, Netherlands) was
employed for the estimation of reference vessel diameter (RVD), %DS,
percent area stenosis (%AS), lesion length (LL) and minimum lumen
diameter (MLD).
FFR measurement was performed using Pressure Wire™ Aeris (St.
Jude Medical, San Diego, California), a wireless tool to measure FFR in
coronary artery stenosis. Maximal hyperaemia was induced by intrave-
nous adenosinemanaged at 140 μg/kg/min. Awireless deviceWi-Box™
was used to receive aortic pressure readings wirelessly. FFR was calcu-
lated as the ratio of intracoronary pressure to the aortic pressure during
hyperaemia. Stenoses were considered severe if FFR ≤ 0.80 [2].
For OCT imaging of the stenosis we used commercially available FD-
OCT C7-XR™ system and the Dragonﬂy catheter (St. JudeMedical, Light
lab Imaging Inc., Westford, Massachusetts). The automated pullback
was performed at 0.2 cm/s and the blood removal was achieved by
injecting iso-osmolar contrast at 37 °C through the guiding catheter.
FD-OCT measurements were performed using Lightlab imaging soft-
ware. The minimum lumen area (MLA) and MLD were measured at the
frame with smallest intraluminal area. The proximal reference lumen
area and diameter were measured at the frame with largest intraluminal
area proximal to the stenosis. Similarly, distal reference lumen area and
diameter wasmeasured at the framewith largest intraluminal area distal
to the stenosis.
The assessment of the bloodﬂow rate and velocity in coronary artery
stenosis is based on a model of blood ﬂow resistances [15] which
consists of a series combination (Rt) of the blood ﬂow resistance of the
stenosis, microvascular resistance under maximal hyperaemia and theFig. 1. FD-OCT B-scans (cross-sectional images) of the vessel wall with calculated lumenmeasurem
(A) Reference frame proximal to stenosis with largest intraluminal area. (B) Frame with minimublood ﬂow resistance of the length of vessel outside the FD-OCT imaged
segment. In this model the blood ﬂow driven by the difference between
the arterial pressure (Pa) and the coronary venous pressure (Pv) is lim-
ited by the total ﬂow resistance Rt (series combination) of the branch.
Microvascular resistance was calculated by dividing hyperaemic
microvascular resistance index (h-MRv) to the proximal reference
lumen area. h-MRv was set equal to the minimum value measured by
Doppler ﬂowmetry in previous studies (100 mm Hg·s−1/cm3) [16].
Blood ﬂow resistance of the vessel outside FD-OCT imaged segment
was calculated using Poiseuille's law assuming that the entire vessel
had a ﬁxed length of 8 cm and a cross-sectional area equal to the aver-
age of the proximal and distal reference lumen areas. Stenosis resis-
tance, which consists of a ﬂow independent component that results
from viscous losses and a ﬂow dependent component that results
from kinetic losses, was calculated using analytical method developed
by Gould et al. [17] and Kirkeeide [18]. Blood ﬂow rate was calculated
by dividing Pa− Pv (assuming 90 mm Hg) to Rt. Blood ﬂow velocity in
coronary artery stenosis was calculated by dividing blood ﬂow rate to
the minimum lumen area of the stenosis. A relationship between FFR
and FD-OCT derived blood ﬂow velocity in coronary artery stenosis
was determined using linear regression analysis. A p value of b0.05
was considered as signiﬁcant.
Fig. 1 shows intracoronary FD-OCT B-scans (cross-sectional images)
of the vessel wall with calculated lumen measurements at different lo-
cations; reference frame proximal to stenosis with largest intraluminal
area, framewithminimum intraluminal area and reference frame distal
to stenosiswith largest intraluminal area. Theﬁgure also shows longitu-
dinal reconstruction of the artery showing the locations of FD-OCT B-
scans.
3. Results
20 coronary stenoses in 15 patients were analysed with QCA, FFR
and FD-OCT. The patients' data and stenosis characteristics obtained
through QCA are presented in Table 1. The mean age of the patients
was 63 ± 13 years. 11 patients (73%) were male. 12 patients (80%)
had hypertension and 6 (40%) had diabetes mellitus. The left anterior
descending artery (LAD) was the most common studied vessel with
12 stenoses (60%). The mean reference vessel diameter (RVD), lesionents and longitudinal reconstruction of the artery showing the locations of FD-OCT B-scans.
m intraluminal area. (C) Reference frame distal to stenosis with largest intraluminal area.
Table 1
Clinical data and stenosis characteristics (values aremean ± standard deviation or n (%)).
Patients' data (n = 15)
Age, years 63 ± 13
Male, n (%) 11 (73)
HTN, n (%) 12 (80)
DM, n (%) 6 (40)
Smoking, n (%) 7 (47)
Dyslipidemia, n (%) 13 (87)
Family history of coronary disease, n (%) 8 (53)
Clinical presentation, n (%)
Stable angina 10 (67)
Unstable angina 1 (6)
Atypical/asymptomatic 4 (27)
Stenosis characteristics (n = 20)
Stenosis location, n (%)
LAD 12 (60)
RCA 3 (15)
LCX 3 (15)
OM1 1 (5)
Ramus intermedius 1 (5)
QCA parameters (n = 20)
Reference vessel diameter (mm) 2.15 ± 0.58
Lesion length (mm) 8 ± 4.37
Minimal lumen diameter (mm) 1.27 ± 0.48
Diameter stenosis, % 44.8 ± 12.2
Area stenosis, % 68 ± 13.6
HTN = hypertension; DM = diabetes mellitus; LAD = left anterior descending artery;
RCA = right coronary artery; LCX = left circumﬂex coronary artery; OM1 = ﬁrst obtuse
marginal artery; D1 = ﬁrst diagonal artery; QCA = quantitative coronary angiography.
Fig. 2. Correlation between FFR and FD-OCT derived stenosis resistance.
Fig. 3. Correlation between FFR and FD-OCT derived blood ﬂowvelocity in coronary artery
stenosis.
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4.37 mm, 1.27 ± 0.48 mm, 44.8 ± 12.2% and 68 ± 13.6% respectively.
The FFR value was ≤0.80 in 5 stenoses (25%). The mean MLA, MLD
and %AS by FD-OCT were 2.39 ± 1.15 mm2, 1.36 ± 0.39 mm and
63.4 ± 12.8% respectively. The differences in FD-OCT measurements
between stenosis with FFR ≤ 0.80 (n = 5) and those with FFR N 0.80
(n= 15) are presented in Table 2. The mean blood ﬂow rate in severe
coronary stenosis (n = 5) was 2.54 ± 0.55 ml/s as compared to
4.81 ± 1.95 ml/s in stenosis with FFR N 0.8 (n= 15).
Fig. 2 shows the linear regression analysis for FFR and FD-OCT
derived stenosis resistance. Therewas a good and signiﬁcant correlation
between FFR and FD-OCT derived stenosis resistance (r = 0.77,
p b 0.001). Fig. 3 shows the linear regression analysis for FFR and
FD-OCT derived blood ﬂow velocity in coronary artery stenosis. There
was a good and signiﬁcant correlation between FFR and FD-OCT derived
blood ﬂow velocity (r= 0.74, p b 0.001).
4. Discussion
The major ﬁndings of the present study are that there is a good and
signiﬁcant correlation between FFR and FD-OCT derived blood ﬂow
velocity in coronary artery stenosis, a measure of stenosis severity
calculated from the volumetric analysis of the vessel segments imaged
by FD-OCT.Table 2
Differences in FD-OCT measurements between Stenosis with FFR N 0.80 or ≤0.80 (values are m
FFR ≤ 0.80 (n = 5)
Minimal lumen area (MLA), mm2 1.15 ± 0.25
Minimal lumen diameter (MLD), mm 0.91 ± 0.11
Proximal reference lumen area, mm2 4.15 ± 0.52
Proximal reference lumen diameter, mm 2.29 ± 0.14
Distal reference lumen area, mm2 10.64 ± 6.4
Distal reference lumen diameter, mm 3.53 ± 1.12
Percent area stenosis (%AS), % 70.2 ± 4.6
Stenosis resistance (Rs), mm Hg cm−3.s 12.3 ± 5.2
Blood ﬂow rate (Q), ml/s 2.54 ± 0.55
Blood ﬂow velocity, cm/s 2.23 ± 0.23
FD-OCT = frequency domain optical coherence tomography.Gregory T. Stefano et al determined the correlation between FFR and
the FD-OCT measured anatomical parameters in their study performed
on14patientswith 18 stenoses [19]. They foundno signiﬁcant correlation
between FFR and FD-OCT measured lumen dimensions MLA (r= 0.167,
p = 0.56), MLD (r =−0.42, p = 0.13) and %AS (r = 0.29, p = 0.29).
FD-OCTderived volumetric bloodﬂowmeasurements, stenosis resistance
and blood ﬂow velocity, correlate more closely with FFR than the OCT
measured anatomical parameters MLD, MLA and %AS. Blood ﬂow mea-
surements presented in this study were derived from the volumetric
measurement of the lumen proﬁle with FD-OCT, on the other hand
anatomical parameters MLD, MLA and %AS were derived from single
image cross-sections. The combination of excellent lumen measurementean ± standard deviation).
FFR N 0.80 (n = 15) p value
2.8 ± 1.03 0.001
1.50 ± 0.33 b0.001
6.42 ± 2.48 0.03
2.78 ± 0.52 0.03
12.28 ± 4.67 0.27
3.86 ± 0.81 0.27
61.2 ± 13.9 0.08
3.54 ± 2.49 b0.001
4.81 ± 1.95 0.01
1.73 ± 0.26 b0.001
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account microvascular resistance and volume integrated pressure losses,
improves the predictive ability of FD-OCT derived blood ﬂow measure-
ments as compared to intraluminal parameters; MLA, MLD and %AS.
FD-OCT has better diagnostic efﬁciency than IVUS in identifying se-
vere coronary stenosis (FFR ≤ 0.80) [11–13]. Recently we evaluated
the diagnostic efﬁciency of FD-OCT derived intraluminal dimensions
(MLA, MLD and %AS) in identifying haemodynamically severe coronary
stenoses in 30 patients with 41 stenoses [20]. In the overall group, we
demonstrated a moderate diagnostic efﬁciency with FD-OCT derived
intraluminal parameters (area under the curve (AUC): 0.80 for MLA
and AUC: 76 forMLD).We also demonstrated a high diagnostic efﬁcien-
cy in identifying severe coronary stenosis in vessels having reference
diameter of b3 mm (AUC: 0.96 for MLA).
We used ILUMEIN (St. Jude) percutaneous coronary intervention
(PCI) optimization system in the present study. This system is the inte-
grated technology that combines wireless FFR and FD-OCT imaging
in one platformwhich provides advanced physiological and anatomical
information with precise measurements of stenosis dimensions, vessel
size and structure to improve the diagnosis and treatment of CAD.
FD-OCT imaging is a non occlusion techniquewhich performsmeasure-
ments without the requirement of balloon inﬂation. TD-OCT (occlusive
OCT technique) has been proven to miscalculate the intraluminal di-
mensions during balloon inﬂation [21].
The results presented in this study included a small sample size
so further studies are suggested to conﬁrm these results. We included
stenoses in themajor coronary arteries (LAD, RCA, LCX etc.) but the cal-
culation methodologies for estimating the blood ﬂow rate and velocity
in coronary artery stenosis may not hold in all locations. The evaluation
of severe coronary stenosis based on FD-OCT derived these blood ﬂow
measurements can overcome many limitations of the QCA and IVUS
but thesemeasurements do not take into account the variations inmyo-
cardium mass. The number of stenoses presented in this study were
small so without further validation and development FD-OCT derived
blood ﬂow measurements introduced in this study should not be con-
sidered as substitute or compliment to FFR in interventional procedural
planning and decision making.
5. Conclusions
In this study, the blood ﬂow rate and velocity in coronary artery ste-
nosis were derived using FD-OCT and validated against FFR.We found a
good and signiﬁcant correlation between FFR and FD-OCT derived blood
ﬂow velocity in coronary artery stenosis. The assessment of coronary
artery stenosis severity based on FD-OCT derived these blood ﬂow
measurements can overcome many limitations of the QCA and IVUS
and have the potential to become a helpful tool in the assessment of
CAD.
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